We describe a tunable low-energy photon source consisting of a laser-driven xenon plasma lamp coupled to a Czerny-Turner monochromator. The combined tunability, brightness, and narrow spectral bandwidth make this light source useful in laboratorybased high-resolution photoemission spectroscopy experiments. The source supplies photons with energies up to ∼7 eV, delivering under typical conditions > 10 12 ph/s within a 10 meV spectral bandwidth, which is comparable to helium plasma lamps and many synchrotron beamlines. We first describe the lamp and monochromator system and then characterize its output, with attention to those parameters which are of interest for photoemission experiments. Finally, we present angle-resolved photoemission spectroscopy data using the light source and compare its performance to a conventional helium plasma lamp.
I. INTRODUCTION
Angle-resolved photoemission spectroscopy (ARPES) plays a valuable role in the field of condensed matter physics by offering a direct momentum-space probe of the underlying electronic structure of solids. Motivated by the demand for high-quality data, both the instrumental energy and momentum resolution and the detection efficiency of ARPES systems have improved substantially over the last decades 1 . ARPES is based on the photoelectric effect, in which an emitted electron's kinetic energy, E kin , is given by
where hν is the incident photon energy, φ is the work function of the system, and E B is the binding energy of the electron within the solid 2 . A key component of photoemission, therefore, is the photon source, which is often a synchrotron because the light must be simultaneously bright and possess a narrow spectral bandwidth in order to maintain a high energy resolution. A common alternative to synchrotrons is the laboratory-based noble gas plasma lamp. A major drawback of plasma lamps is the fact that the photon energy is fixed at a discrete set of atomic lines. For a helium lamp, this encompasses the He-Iα line at 21.2 eV and the He-IIα line at 40.8 eV.
The spectral lines from plasma lamps, as well as typical photon energies used at synchrotrons, sit close to the minimum of the so-called "universal curve" describing the inelastic mean free path of photoexcited electrons within a metal as a function of their kinetic energy 2, 3 . Some benefits of using low-energy light sources therefore include an enhanced sensitivity to more bulk-like properties of the system under study, an increased tolerance to unwanted adsorbates on the sample surface, and a higher momentum resolution. As a result, the development and use of low-energy sources have recently become common in the ARPES community. These are typically laser sources: one such source supplies 7 eV photons by using the nonlinear optical crystal KBe 2 BO 3 F 2 to generate the second harmonic of a frequency-tripled Nd:YVO 4 laser 4 , and a similar 6 eV light source based on the crystal β-BaB 2 O 4 generates the fourth harmonic of a titanium-sapphire laser 5 . Another low-energy source in use employs a low-pressure xenon discharge lamp, which has a number of discrete atomic lines in the energy range 8 -11 eV 6,7 .
One major disadvantage of the laser sources described above is a fixed photon energy, which is a particularly important issue at low energies because of the sensitivity to photon 2 wavelength caused by final-state matrix element effects. The ability to tune the photon energy, however, can mitigate this issue. Therefore, it is important to develop a tunable low-energy photon source that can allow for the selection of final states. In this paper we describe a novel laboratory-based low-energy photon source consisting of a laser-driven xenon plasma lamp in conjunction with a Czerny-Turner monochromator. The total cost of the device is less than $45,000, which is significantly cheaper than noble gas plasma lamps and laser-based systems. Under typical operation, the device delivers > 10 12 ph/s at a 10 meV spectral bandwidth, and its continuous output avoids space-charge complications that are present in pulsed sources. The brightness, energy tunability, and adjustable spectral bandwidth of the light source make it ideally suited for laboratory-based high-resolution ARPES experiments.
II. THE INSTRUMENT
There are three main components of the photon source: a bright laser-driven xenon plasma lamp, a high-resolution Czerny-Turner monochromator, and a pair of lenses that focus the light onto the sample. As shown in Fig. 1 , the output of the plasma lamp is directed onto the entrance slit of the monochromator. At the exit slit, the light is guided through an ultra-high vacuum (UHV) viewport into the ARPES vacuum chamber and onto the sample. At the operating energy range of the lamp for photoemission (up to ∼7 eV), most optical materials are highly absorptive. Mirrors are therefore "UV-enhanced" (MgF 2 -coated) aluminum; aluminum has a high reflectivity at ultraviolet wavelengths and a MgF 2 overlayer prevents oxidation of the metallic surface. Both CaF 2 and MgF 2 are acceptable materials for lenses and windows, provided they are of "vacuum grade" quality, because they have a sufficiently large band gap to allow transmission of photons.
The entire optical beam path of the lamp must be placed within a sealed oxygen-free atmosphere such as dry nitrogen. The ultraviolet light generated by the xenon plasma lamp is capable of generating ozone. This process absorbs a significant fraction of photons, diminishing the brightness of the source. In addition, ozone is harmful to the components of the photon source and will degrade the optical elements within it. 
A. The xenon plasma lamp
The plasma lamp (EQ-1500, Energetiq Technology, Inc.) is a patented commercial instrument featuring an internal continuous wave 980 nm diode laser running at 60 W and driving a plasma within the xenon bulb. The broadband output of the lamp has a divergence of 60
• and extends from ultraviolet to infrared wavelengths (170 nm to 2100 nm). The electrodeless design of the lamp offers greater stability, a longer lifetime, and higher brightness than xenon or deuterium arc lamps, with a spectral radiance exceeding 10 mW/(mm 2 ·nm·sr) over the entire operational wavelength range. The diverging output of the lamp is coupled to an off-axis parabolic (OAP) mirror assembly which focuses the light onto the monochromator entrance slit. The OAP assembly reduces the divergence of the beam to 20
• , with a corresponding magnification of the plasma image by 3×.
B. The Czerny-Turner monochromator
The monochromator (SP-2355, Princeton Instruments) has a Czerny-Turner configuration with a 300 mm focal length and a UV-optimized holographic plane grating (3600 grooves/mm). The acceptance angle of the instrument is 15
• , receiving roughly half of the total output of the xenon plasma lamp. At the exit slit of the monochromator, the measured linear dispersion of photons is better than 0.33 nm/mm over the entire operating range of the lamp. Based on these parameters, one can compute the required monochromator slit width for a desired spectral bandwidth using the formula
where s is the slit width (the entrance and exit slits should be matched), σ is the linear dispersion of the monochromator, ∆ is the desired spectral bandwidth of the lamp, and E = hc/λ is the energy of the photons. For example, at an operating energy of 6 eV, a spectral bandwidth of 5 meV can be achieved with monochromator slits set to 0.5 mm.
C. The focusing lenses
At the exit slit of the monochromator, a pair of lenses focus the emitted light through a UHV viewport and onto the sample. The focal lengths of these lenses depend on their diameter and on the minimum lens-to-sample distance, which will vary between photoemission systems. As an example, we consider standard lens diameters of 25 mm and a lens-to-sample distance of 130 mm. In order to capture all of the light, the external lens must be within 95 mm of the monochromator exit slit. Choosing focal lengths of 65 mm (external lens) and 130 mm (internal lens), we form an image of the exit slit at the sample position with a 2× magnification. In the diagram of Fig. 1 , the focusing lens is shown within the UHV chamber. This is not strictly necessary, but is done in order to minimize the spot size on the sample, as the magnification of the lens system is proportional to the lens-to-sample distance.
An important complication to consider is that of chromatic aberration. The index of refraction of CaF 2 has an average dispersion of 9×10 −4 nm −1 in the operating energy range of the photon source 8 . The focal lengths of the lenses will therefore vary by as much as ±5% as the photon energy is adjusted. In order to correct for this effect, one must adjust the position of the external lens in order to keep the focus at the sample position. Another complication involves the lens close to the sample, which may charge up from photoemitted electrons. Electrostatic shielding in the form of a grounded mesh between the lens and the sample can prevent the charge field from interfering with the photoemission measurements 9 .
Alternatively, the focusing lens may be moved outside of the vacuum chamber, at the expense of an increased spot size.
III. CHARACTERIZATION A. Intensity
The most important characteristic of a photon source for photoemission is photon flux (for a given spectral bandwidth). The instrument described here provides a very bright source, rivaling that of conventional laboratory-based plasma lamps. 
B. Spectral bandwidth
One feature of the photon source described here that is absent in conventional laboratorybased plasma lamps is the ability to adjust the spectral bandwidth of the source based on the requirements of the user: a significant intensity gain may be achieved by a moderate increase of the bandwidth of the light. This is especially useful, for example, when measuring momentum-space ARPES maps, as a large number of measurements must be taken, but each of which can be acquired with a somewhat lower energy resolution. Figure 3 shows the measured spectral bandwidth and intensity of the photon source as a function of monochromator slit width. The bandwidth is determined by measuring the angle-integrated 
C. Spot size
Another important characteristic of a light source is a narrow spot size. This is required because samples studied by ARPES are usually small (∼1 mm 2 ). If the spot size of the lamp is too large, most of the photons will contribute to a background signal, possibly overwhelming the signal from the sample itself. In addition, smaller spot sizes allow for higher momentum resolution in ARPES experiments. Figure 4 shows the size of the xenon plasma image formed at the entrance slit of the monochromator by the OAP assembly.
A full width at half maximum (FWHM) of 0.5 mm (horizontal direction) and 0.9 mm 8 (vertical direction) are measured by the photodiode. Because the OAP assembly has a 3× magnification, we infer the xenon plasma to be roughly 0.17 mm by 0.3 mm within the bulb. For ARPES experiments, the slits of the monochromator usually stay within the range 0.1 -0.5 mm, which is on the order of the xenon lamp spot size at the entrance slit.
As discussed above, a pair of lenses form an image of the exit slit at the sample position with a magnification of 2×. The resulting spot size on the sample will thus be twice the slit 
IV. PHOTOEMISSION
To demonstrate the usefulness of the xenon photon source, we present ARPES data of a two-dimensional electron gas on the surface of CdO(001), which manifests itself as a pair of small concentric electron pockets centered at k x = k y = 0 in momentum space 10, 11 . The CdO sample was grown by metalorganic vapor phase epitaxy on a sapphire substrate 12 and measures ∼ 10 × 5 mm 2 . In order to produce a clean surface for photoemission, the sample was annealed in vacuum at 600
• C for one hour before measurement. Figure 5 compares energy-momentum cuts and Fermi surface maps of the surface electronic structure of CdO using a conventional helium plasma lamp (He-Iα) and using the xenon light source described 9 in this paper. The Fermi surface maps were generated by integrating spectral intensity within ±30 meV of the Fermi level; an energy resolution much smaller than this energy scale is therefore unnecessary, and the ability to increase the photon flux by widening the spectral bandwidth is desirable. This feature enabled the Fermi surface map to be acquired over a span of only 60 minutes with the xenon source, while 160 minutes was required to obtain a similar signal-to-noise ratio using the helium lamp. Both the helium and xenon plasmas are nominally unpolarized. In each case, however, reflection off the monochromator In conclusion, we have presented a novel photon source that is comprised of a laser-driven xenon plasma lamp coupled to a Czerny-Turner monochromator. We believe that this device will be a valuable addition to laboratory-based light sources for angle-resolved photoemission spectroscopy. 
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